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Williams, Jay H. Contractile apparatus and sarcoplasmic reticulum function: effects of fatigue, recovery, and elevated Ca 21 . J. Appl. Physiol. 83(2): 444-450, 1997.-This investigation tested the notion that fatiguing stimulation induces intrinsic changes in the contractile apparatus and sarcoplasmic reticulum (SR) and that these changes are initiated by elevated intracellular Ca 21 concentration ([Ca 21 ] i ). Immediately after stimulation of frog semitendinosus muscle, contractile apparatus and SR function were measured. Despite a large decline in tetanic force (P o ), maximal Ca 21 -activated force (F max ) of the contractile apparatus was not significantly altered. However, Ca 21 sensitivity was increased. In conjunction, the rate constant of Ca 21 uptake by the SR was diminished, and the caffeine sensitivity of Ca 21 release was decreased. During recovery, P o , contractile apparatus, and SR function each returned to near-initial levels. Exposure of skinned fibers to 0.5 µM free Ca 21 for 5 min depressed both F max and Ca 21 sensitivity of the contractile apparatus. In addition, caffeine sensitivity of Ca 21 release was diminished. Results suggest that fatigue induces intrinsic alterations in contractile apparatus and SR function. Changes in contractile apparatus function do not appear to be mediated by increased [Ca 21 ] i . However, a portion of the change in SR Ca 21 release seems to be due to elevated [Ca 21 ] i . skeletal muscle; skinned fibers; calcium SUSTAINED MUSCULAR ACTIVITY often leads to a temporary reduction in the capacity of skeletal muscle to generate force. This transient loss of maximal force is defined as muscle fatigue. The degree of fatigue (i.e., the extent of force decline) varies considerably and is a function of fiber type, activation pattern, duration of activity, and numerous environmental factors. Despite nearly a century of effort, the precise mechanisms that mediate skeletal muscle fatigue have yet to be identified. This is unfortunate in light of the fact that prevention and alleviation of fatigue are critical for maintenance of normal muscular function.
Without doubt, there are numerous factors involved in the fatigue process. Nevertheless, insight into the mechanisms of fatigue can be gained by examining the sigmoidal relationship between force and free calcium concentration ([Ca 21 ] ). On the basis of this relationship, Westerblad and colleagues (24) 21 ] i . Because alterations in intracellular H 1 and P i concentrations are known to alter force production by the contractile apparatus (4, 11) and Ca 21 uptake and release by the sarcoplasmic reticulum (SR) (9, 20, 26) , it is possible that the above changes simply reflect an altered intracellular milieu.
It is also possible these changes are due to intrinsic alterations in the functional properties of the contractile apparatus and SR. Williams et al. (28) have previously shown that both contractile apparatus and SR function of skinned fibers were altered after fatigue. Specifically, the Ca 21 sensitivity of force production was increased, and the ability of the SR to sequester and release Ca 21 was depressed. In addition, the rates of Ca 21 uptake and release are depressed in SR vesicles isolated from muscles after prolonged activity (for review, see Ref. 25) . Interestingly, most studies of changes in SR function during fatigue compare rested and ''fatigued'' conditions. Few data are available to indicate the amount of activity needed to induce alterations. Williams et al. suggest that both contractile apparatus and SR function are only altered when force is ,40-50%. However, this conclusion was on the basis of limited observations. It seems reasonable to suggest that if changes in force during fatigue are because of changes in contractile apparatus or SR function, then alterations in these parameters would parallel one another.
The results of Williams et al. also indicate that once the contractile apparatus and SR are removed from the fatigued intracellular environment, changes in function persisted. Unfortunately, few factors that might ''trigger'' such changes in contractile apparatus and SR function have been identified. During repetitive stimulation, resting intracellular Ca 21 concentration (i.e., [Ca 21 ] i ) increases 10-fold from ,0.05 to 0.5 µM (22) . In both intact and skinned muscle fibers, elevations in intracellular Ca 21 initiate myofibrillar degradation leading to muscle damage (5, 6) . In addition, exposure to physiological levels of free Ca 21 causes force deterioration and SR dysfunction in skinned fibers (14, 15) . These changes are often observed after prolonged exposure to Ca 21 . However, some myofibrillar and force degradation occur in as little as 90 s (5 21 ] was determined by using the stability constants (adjusted for ionic strength, pH, and temperature) and the computer program of Fabiato (8) .
Whole muscle preparation. Whole semitendinosus muscles were obtained from small, male grass frogs (Rana pipiens). Muscles were mounted vertically in a temperature-controlled muscle chamber (21°C) between a fixed post and an isometric force transducer (Grass FT-03, 7P122 low-level direct-current amplifier). Contractions were electrically evoked by supramaximal square-wave pulses (0.2 ms; Grass S-88 stimulator and SIU-5 stimulus-isolation unit) delivered across platinum wire electrodes that were situated at either end of the muscle. Before the fatigue protocol, muscles were allowed to equilibrate for 20 min, during which optimal length was set (i.e., that which resulted in the greatest developed P o ). P o was induced by tetanic trains of 0.5 ms delivered at 80 Hz for 100 ms. Preliminary data indicate that this protocol elicits maximal force output of frog semitendinosus muscle. Stimulation frequencies .80 Hz cause little increase in P o . To induce low-frequency fatigue, trains were delivered at 2 s for 1.25, 2.5, 3.75, or 5 min. During recovery from the 5-min protocol, contractions were evoked every 5 min for 20, 40, 60, 80, or 180 min. Rested muscles were mounted in the muscle chamber and allowed to equilibrate but were not subjected to the fatigue or recovery protocols. All contractions were displayed in an oscilloscope (Techtronix 2201) then digitized (1 kHz, 12-bit analog to digital, Keithley-MetraByte DAS-16) and stored on disk via microcomputer (IBM-PC 386, 33 MHz). Contractions were analyzed for P o .
Skinned fiber preparation. A detailed description of the methods employed for the skinned fiber experiments has been provided by Williams et al. (28) . Thus only brief descriptions will be presented here. Immediately after stimulation, whole muscles were placed in cold relaxing solution (0-2°C). Bundles of 5-10 fibers were rapidly dissected from the belly of the muscle and chemically skinned for 15 min at room temperature. For experiments on the SR, fibers were skinned in relaxing solution containing 50 µg/ml saponin. For experiments on the contractile apparatus, 250 µg/ml saponin were used. These procedures have been shown to selectively disrupt the sarcolemma and both the sarcolemma and SR, respectively (7, 28) .
After skinning, a 2-to 3-mm segment of a single fiber was attached to an isometric force transducer (Cambridge 400A) and servo-length controller (Cambridge 600 Series) (18) and placed in one of several wells (400 µl) that had been filled with an incubation solution. The fiber length was adjusted and maintained at a sarcomere length of 2.5 µm (as determined by He-Ne laser diffraction). All experiments were performed at 21°C. Isometric forces were displayed on a strip-chart recorder (Kipp and Zonen) and then digitized (10-1,000 Hz, 12-bit analog to digital, Keithley-MetraByte DAS-16) and stored on disk for off-line analysis via microcomputer (IBM-PC 386, 33 MHz).
The relationship between force and free Ca 21 was determined by exposing the fiber to various activating solutions until F max was reached. Normalized force (F/F max ) and free [Ca 21 ] values were fit, via nonlinear regression, to a modified form of the Hill equation
where N is a measurement to the slope of the relationship (27) .
Ca 21 uptake by the skinned fiber SR was estimated via a caffeine contracture protocol (7, 28) . Caffeine was chosen because its effects and mechanisms of action on SR Ca 21 release are well established. Although it is not a ''physiological'' releasing agent, it has been widely used in the study of SR function. Fibers were first exposed to the relaxing solution containing 25 mM caffeine to deplete the SR of Ca 21 . After being rinsed in the relaxing solution, the SR was loaded in an activating solution containing 0.25 µM free Ca 21 for 15-120 s. The amount of Ca 21 sequestered by the SR was then determined by exposing the fiber to a relaxing solution, in which the EGTA concentration was lowered to 1 mM and 25 mM caffeine was added (assay contracture). For each fiber, assay contracture forces were plotted against loading durations and data fit, via nonlinear regression, to an equation of the form
where F is the normalized contracture force, k is the rate constant for Ca 21 uptake (k Ca ) and t is the loading duration This procedure yielded r 2 values of 0.93-0.99. Ca 21 release by the SR was estimated by determining each fiber's sensitivity to caffeine (28) . The SR was first depleted of Ca 21 and loaded for 2 min as described above. The fiber was then exposed to increasing concentrations of caffeine (in 1 mM increments) until a contracture occurred. The solutions used to evoke Ca 21 release were similar to the relaxing solution except that caffeine was added (0-10 mM) and the EGTA concentration was reduced to 1 mM. The lowest concentration that elicited a caffeine contracture was designated as the caffeine threshold (CT). In some cases, the contracture responses to several caffeine concentrations were determined. For these experiments, caffeine (1-10 mM) was applied, the fiber was rinsed twice with relaxing solution, and the SR was loaded for 2 min before application of a second caffeine concentration.
To determine whether fatigue-induced changes in contractile apparatus and/or SR function observed in this investigation were due to elevated Ca 21 , skinned fibers were incubated in 0.5 µM free Ca 21 for 5 min. This level of free Ca 21 has been reported to accompany fatiguing stimulation (22) , and the duration of exposure is based on the duration of the fatigue protocol. In brief, measurements of SR or contractile apparatus function were first made on rested fibers. They were then placed in the elevated Ca 21 solution and rinsed twice with relaxing solution, and measurements were repeated. Measurements of F max , [Ca 21 ] 50 , k Ca , and CT could be repeated several times on rested fibers without detrimental effects.
The above procedures were performed in duplicate, and the responses were averaged. Coefficients of variation on duplicate measurements were consistently ,4%. Measurements of Ca 21 uptake and CT were typically performed on the same fiber. For rested and fatigued fibers, F max was determined before and after each experimental protocol. If the initial and final F max values differed by .5%, the data were discarded.
RESULTS
The functional properties of the contractile apparatus were assessed by F max and [Ca 21 ] 50 . Values recorded in rested fibers were 223.9 6 13.5 kN · m 2 and 1.80 6 0.06 µM, respectively. Alterations in these parameters as well as changes in P o during fatigue and recovery are shown in Fig. 1 . As can be seen, P o rapidly declined during the first minutes of stimulation to ,25% of initial value. Thereafter, P o steadily declined to ,3%. Despite the large decline in P o , F max was not significantly affected. On the other hand, [Ca 21 ] 50 was significantly decreased but only at the 3.75-and 5-min measurements, when P o was reduced to ,10%. This latter result indicates that an increase in Ca 21 sensitivity occurs during fatigue but only when P o is markedly reduced. The recovery of P o was somewhat slow. It rapidly increased to ,30% during the first 20 min and then slowly returned to near initial levels (i.e., $95%) within 180 min. During this time, F max remained constant. The reduction in [Ca 21 ] 50 rapidly returned to initial levels within 20 min. N was not significantly altered by either fatigue or recovery. In addition, similar effects of fatigue on F max and [Ca 21 ] 50 were found by using Triton X-100 skinned fibers.
The functional properties of the SR were determined by k Ca and CT. In rested fibers, values were 4.88 6 0.10 min and 3.0 6 0.3 mM, respectively. Changes in SR function during fatigue and recovery are indicated in Fig. 2 . During the initial minute of stimulation, k Ca declined by ,50%. Thereafter, it remained depressed to the same extent despite further reductions in P o . On the other hand, CT steadily increased throughout the fatigue protocol, eventually doubling its initial value. The initial recovery of k Ca was somewhat delayed, remaining ,70% of initial value during the first 40 min of recovery. Thereafter, k Ca steadily recovered, with full restoration accomplished by 60 min. CT rapidly declined during the first 40 min of recovery, reaching initial levels by 80 min.
To determine whether changes in [Ca 21 ] 50 , k Ca , or CT were transient, skinned fibers taken from muscles subjected to the 5-min fatigue protocol were allowed to incubate in relaxing solution for 0-30 min before measurements were performed. As can be seen in Fig.  3 , reductions in [Ca 21 ] 50 and k Ca and increases in CT were similar at each measurement interval. F max remained constant throughout the 30-min incubation period. Thus it appears that fatigue-induced changes in the contractile apparatus and SR persist once the sarcolemma is disrupted. After exposure to 0.5 µM free Ca 21 , F max was reduced by 17% from 214.1 6 13.2 to 177.4 6 22.9 kN · m 2 (P , 0.05) (Fig. 4) . In addition, [Ca 21 ] 50 was increased from 1.73 6 0.16 to 2.29 6 0.19 µM (P , 0.05) without change in N.
Exposure to elevated Ca 21 increased the CT from 3.0 6 0.5 to 4.6 6 0.4 mM. Peak contracture forces in response to increasing caffeine concentrations are shown in Fig. 5A . For comparison, responses of rested fibers, those exposed to elevated Ca 21 , and fatigued fibers are shown. As can be seen, both elevated Ca 21 and fatigue shifted this relationship to the right. The caffeine concentrations needed to evoke 50% of F max were 4.5 6 0.8, 6.2 6 0.7, and 7.2 6 1.1 mM for rested, elevated Ca 21 , and fatigued fibers, respectively (P , 0.05). Unfortunately, the alterations in the force-free Ca 21 relationship due to elevated Ca 21 and fatigue make interpretation of the contracture force data difficult. This is particularly evident in the elevated Ca 21 fibers, in which F max and [Ca 21 ] 50 were substantially affected. However, it is possible to gain some insight into the amount of Ca 21 released in response to caffeine by comparing contracture forces to the force-free Ca 21 relationships determined for each condition. Figure 5B shows the Ca 21 concentration corresponding to the caffeine contracture force. For each measurement of caffeine-induced force, free Ca 21 was estimated by using the mean values of [Ca 21 ] 50 and N determined for each condition in parallel experiments. It is important to point out that, although these data do not provide quantitative evidence of altered SR Ca 21 release, they do suggest that qualitative changes occur with elevated Ca 21 and fatigue. As can be seen, less Ca 21 is released by a given amount of caffeine after exposure to Ca 21 of http://jap.physiology.org/ the development of fatigue. In addition, the depression in release by elevated Ca 21 appears to be somewhat less than that induced by fatigue. The only exception to this was at 10 mM caffeine, where F max was reached in all three conditions. Exposure to elevated Ca 21 also reduced the contracture force evoked after timed Ca 21 loading (Fig. 6A) and reduced k Ca from 4.93 6 0.19 to 3.62 6 0.25 min (P , 0.05). Figure 6B shows the estimated amount of Ca 21 released after loading for varying durations. As described in the previous paragraph, these values were estimated from the contracture forces shown in Fig. 6A and the mean [Ca 21 ] 50 and N values determined for each condition in parallel experiments. This amount is thought to reflect the amount sequestered during the loading period (7). When adjustment is made for the effects on the contractile apparatus, it appears as though elevated Ca 21 did not markedly affect Ca 21 sequestration. Fatigue, however, clearly depressed the amount of Ca 21 sequestered during loading for 5-60 s. Loading for 120 s was not affected by elevated Ca 21 or fatigue.
DISCUSSION
It is well documented that many conditions that mimic a fatigued intracellular milieu (e.g., low pH, elevated P i ) affect [Ca 21 ] 50 and F max of the contractile apparatus and alter Ca 21 uptake and release by the SR (4, 9, 11, 20, 26) . Westerblad et al. (24) argue that these changes account for, in part, changes in [Ca 21 ] i and the force-free Ca 21 relationship measured in intact, fatigued muscle fibers. It should be noted, however, that such direct effects of an altered intracellular environment could not account for the changes in contractile apparatus and SR function presented here. In the present experiments, the contractile apparatus and SR were removed from the fatigued intracellular milieu of the fiber and examined in one that more closely simulated conditions at rest. Therefore, the results of these experiments indicate that repetitive stimulation leading to fatigue also induces intrinsic alterations in the functional properties of the SR and contractile apparatus. These changes include increased Ca 21 sensitivity of the contractile apparatus and reductions in Ca 21 uptake and caffeine sensitivity of the SR. In addition, the present results indicate that alterations in k Ca , CT, and [Ca 21 ] 50 are completely reversible if the intact cell is allowed to recover (see Fig. 2 ). It is important to point out that because changes in these parameters are reversible in muscles allowed to recover, they represent transient alterations rather than permanent damage or injury. On the other hand, once the sarcolemma is disrupted, alterations in these parameters persist. Apparently some mechanism or agent responsible for the recovery of contractile apparatus and SR function is lost or inactivated once the sarcolemma is removed. Thus changes in [Ca 21 ] 50 , k Ca , and CT most likely reflect transient, fatigue-induced intrinsic alterations in SR and contractile apparatus function.
Changes in contractile apparatus function. The present data indicate that fatigue induces an intrinsic increase in Ca 21 sensitivity of the contractile apparatus without affecting F max . This finding contrasts with that of Westerblad and Allen (21), who found that repetitive stimulation caused decreases in both F max and [Ca 21 ] 50 . However, in their study, contractile apparatus was measured in the intact, fatigued fiber, where the intracellular milieu could not be controlled. In the present study, measurements were made after the contractile apparatus was removed and placed in a more ''normal'' environment. It is possible that intracellular metabolic and ionic changes present in intact fibers obviate the intrinsic alterations in Ca 21 sensitivity reported here. Furthermore, the protocol used by Westerblad and Allen resulted in a reduction of P o to ,40% of the initial value. The present results show that the decrease in [Ca 21 ] 50 occurs late in the fatigue protocol, when P o declined to ,10% of normal, and returns to near normal levels within 20 min of recovery. It is likely that rather severe fatigue and a reduction in P o in excess of that induced by Westerblad and Allen are needed to induce an increase in Ca 21 sensitivity.
Changes in SR function. Previous studies argue that changes in k Ca represent functional changes in the rate of Ca 21 uptake (7, 19, 28) . It is important to point out that this measure of Ca 21 uptake actually reflects net uptake, that is, Ca 21 uptake minus release through the release channel and that due to passive ''leak.'' Increases in either efflux process secondary to fatigue could lead to reduced net uptake and would account for the depression in k Ca . However, it is important to point out that in the fatigued fibers, caffeine-induced release is depressed (Fig. 2) . In addition, passive Ca 21 efflux from SR vesicles or skinned fibers is not affected by fatigue (Ref. 10; Williams, unpublished observations). Thus, given that the release properties of the SR are depressed by fatigue, the change in k Ca reported here reflects a depression in the rate of SR Ca 21 uptake.
Unlike changes in [Ca 21 ] 50 , changes in Ca 21 uptake appear early in the fatigue protocol and persist well into the recovery period. It is interesting to note that k Ca showed an initial decrease of ,50%, which was followed by a plateau even though P o continued to decline. This pattern is similar to changes in SR vesicle Ca 21 uptake in exercising rats reported by Byrd et al. (2) . They found that the rate of Ca 21 uptake declined by ,50% in rats exercised for 45 min. In rats exercised to exhaustion (140 min), little additional depression was found. In fact, a survey of recent literature shows that activity ranging from short-term, electrical stimulation to prolonged exercise results in Ca 21 uptake rates that are consistently depressed by 40-60% (25) . On the basis of this and the present findings, it appears that there is a limit to the reduction in SR Ca 21 uptake rate during fatigue. Once the rate of Ca 21 uptake declines to ,50%, little additional change occurs despite further reductions in force generation or continued exercise. It is possible that if a further depression in Ca 21 uptake occurred during fatigue, a dramatic loss of Ca 21 homeostasis would occur and irreversible damage to the muscle cell would result (25) .
Previous studies also argue that fatigue-induced changes in CT reflect changes in the Ca 21 release process (19, 28) . This is further supported by the finding of a rightward shift in the caffeine-contracture force curve with fatigue (Fig. 5) . Interestingly, similar responses to caffeine have also been found in intact muscle fibers by Kanaya et al. (13) . In frog fibers stimulated to fatigue, ,6 mM caffeine was needed to evoke contracture force, whereas 2 mM was required in rested fibers. In addition, the concentration required to evoke 50% of peak force was ,3 and 7 mM in rested and fatigued, intact fibers, respectively.
Compared with changes in Ca 21 uptake, changes in release more closely paralleled changes in P o . That is, there was a steady increase in CT during the fatigue protocol followed by a more prolonged decline toward initial levels during recovery. However, it should be pointed out that after 40-80 min of recovery, CT was increased by only 10-20%, whereas P o remained depressed by 40-60%. This suggests that either some additional mechanism is responsible for the depresion in P o during the latter stages of recovery or that some aspect of SR Ca 21 release that accounts for the depression in P o is not reflected in the CT measurement.
Favero et al. (10) 21 , the present data indicate that the release channel itself may be affected. In either case, it appears that elevated Ca 21 plays some role in the fatigue-induced reductions in SR Ca 21 release and force output.
It is possible that one or more of the structures involved in the ECC process are damaged or degraded by elevated Ca 21 . McCutcheon et al. (17) report that after high-intensity exercise in horses, structural alterations in the SR are apparent. Specifically, the SR appeared dilated and the area occupied by the SR is increased. Similar observations have been made in isolated muscles stimulated to fatigue (12, 16) . It is interesting to note that in each of these reports, structural changes are not evident in muscles allowed to recover. Thus it seems reasonable to suggest that transient, structural alterations secondary to elevated [Ca 21 ] i occur during fatigue and are reversed during recovery.
Chin and Allen (3) reported that inhibiting Ca 21 Conclusions. It is obvious that changes in the mechanical output of skeletal muscle during fatigue involve numerous alterations in the functional aspects of the contractile apparatus and SR. Without doubt, some of these changes occur secondary to the altered metabolic and ionic intracellular environment of the fiber. However, the results of this investigation show that fatigue also induces intrinsic alterations in the capability of the SR to release and sequester Ca 21 and in the ability of the contractile apparatus to generate force. The present data also indicate that the elevation in resting [Ca 21 ] i during the fatigue process probably does not affect contractile apparatus function but may initiate changes in the SR Ca 21 release process that lead to depressed Ca 21 release during contraction.
